Compact expressions for energy-angle distribution and energy distribution for axion from the electron scattering on an atomic target are derived using the generalized WeizsackerWilliams method. The axion flux from an electron beam dump is estimated. It is also shown that even in a proton beam dump, the mechanism of producing axions is still predominantly due to electrons in the dump.
for the present purpose.
We first calculate the energy-angle distribution, do/dR,dE,, of axions produced in the process e-+ atomic target + e-+ a + anything using the generalized Weizsacker-Williams method.4 Atomic screening as well as production from atomic electrons are important in the energy range of interest (E, = 1 -100 GeV). The angle is then integrated out and an expression for da/dE, derived.
In the beam dump experiment, the energies of the incident electrons as well as e* from the decay of axions are degraded due to emission of bremsstrahlung as these particles go through a thick target. These effects are also considered. Axion production in a proton beam dump is also discussed. 1 QI x --, t = tmin ~ P2 *Pi (1) where PI, P2, Pi, Pf and k are four momenta of the incident electron, outgoing electron, initial target particle, final state of the target particle and the axion, respectively.
GENERALIZED WEIZSACKER-WILLIAMS METHOD
(cII/7r) x is the equivalent radiator thickness4,5 for the Weizsacker- we have a t112 min < 1, thus the atomic form factors are needed to calulate x in our problem. x can be written as
Ghre Xelas and Xinelw are calculated using the elastic and inelastic form factors of the atom, respectively. The subscript t = tmin in Eq. (1) means that when calculating the cross section for 7 + Pr + I'2 + k, we assume not only the energy momentum conservation, q + PI = P2 + k, but also t = -q2 = 0 and the kinematics for t = tmin, namely,4 I'21 = -Ccl and El = E2 + E,. Using these relations we obtain:
The cross section for 7 + e + e + a can be calculated using Feynman diagrams shown in Fig. l(b) :
where cxa = gz/kr with axion electron coupling g,acyse.
Using Eqs. (4), (5) and (6), we obtain from Eqs. (1) and ('7):
After integrating with respect to angle, we obtain in the complete screening limit (a'tmin < 1): (11)
ELECTRON BEAM DUMP EXPEliIMENT
In the beam dump experiment, the initial energy of the electron beam becomes degraded as it passes through a medium. An approximate formula for the energy distribution of the electron beam after passi'ng through a medium of t radiation lengths can be written as6
where Ee is the monochromatic electron energy at t = 0 and b = 4/3. In our calculation we use the simpler expression (12') instead of (12). This is justified In our problem there are only two unknown parameters: a, and m,.
Of course, the most important task is to show that the axion exists.
The most convincing evidence would be to show that 1. e+ and e-at the detector have equal number and identical energy distribution;
2. the number of counts at X = Xd is different from that at X = Xt and the number varies with the distance (Xd -Xt) according to Eq. (15).
If it is shown that hardly anything is decaying between Xt and Xd, then it
shows that either (1) the axion does not exist, (2) its production cross section is too small, or -(3) its decay length, rr,c, is much smaller than the dump length.
Shorter dumps and higher energies (to increase ra in rrac) can improve the The cross sections are obtained by squaring the 'matrix elements, averaging over the spins and multiplying the results by the phase space 1 d2k/(2Ek). The 75's in the righthand side of the above equations anticommute through the 7 matrices and annihilate each other in the trace, so they do not change the behavior of the cross section in the high energy limit where the mass of the electron becomes negligible compared with its energy. Thus we observe that in the high energy limit, the emissions of scalar and pseudoscalar particles have similar x dependence and similarly those for vector and pseudovector particles. We also notice that as k + 0, the matrix element vanishes for emission of pseudoscalar particles. This explains the drastically different x dependence between Eqs. (9) and (10). In the limit that electron has zero mass, its helicity is changed when either a scalar or a pseudoscalar particle is emitted, whereas the helicity is conserved when either a vector or a pseudovector particle is emitted. Thus the difference in the x dependence in Eqs. (9) and (10) is related to the helicity flip in the former and the helicity conservation in the latter. In order to see this, we multiply 75 from the right of each of the four equations given above and move it through until it reaches to the right of n(P2). W e notice that the sign of 75 is changed for scalar and pseudoscalar, but it is unchanged for vector and pseudovector if we set me = 0 for all cases. We further observe that F in the numerator is needed to change the sign of 75 for scalar and pseudoscalar cases and this is the reason Er the absence of infrared divergence and the peaking of the cross section near x = 1 for these two cases.
AXION PRODUCTION IN PROTON BEAM DUMP
In proton machines axions can in principle be created by protons, pions, muons, photons and e*'s in the dump. The e*'s are produced by the photons from no decay. Our cross section can of course be used to calculate axion flux from these e*'s. In the electron beam dump, axions are created mostly in the first couple of radiation lengths, whereas in the proton machine, pions are created throughout several interaction lengths, which is much longer; for example7 one interaction length equals 94 and 622 radiation lengths, respectively, for copper and uranium.
We show in the following that even in the proton dump, most of the axions are likely created by the axion bremsstrahlung from the e* in the dump.
Bremsstrahlung of axions by hadrons
Bremsstrahlung of axions by hadrons can be estimated in the following way.
In Fig. l(a) the electron is replaced by a hadron and the photon is replaced by a gluon or a pomeron. ga for coupling between electron and axion is proportional to me but for hadrons it is proportional to the quark masses. Weinberg suggests': m, = 4.2 MeV, md = 7.5 MeV. The hadronic cross section from nuclear target is proportional to A2i3 in contrast to Z2 en(184 2-'j3) in Eq. (9).
The factor CY~ = a2/mz in Eq. (9) must also be replaced by -l/A$ because the strength of hadronic interaction is of order one and the bremsstrahlung emission is proportional to inverse mass squared of the hadron. This ratio is very critically dependent upon the quark mass mq and A. Using md = 7.5 MeV f or mq the ratio given by Eq. (17) is much less than unity for a copper target. For axion bremsstrahlung from a proton, a factor of (m,,/mp)2 = 0.02 must be multiplied on the right hand side of Eq. (17).
In the proton dump the numbers of @, 7rr-and r" are roughly equal. Each r" produces 27 and each 7 produces a pair of e+e-with almost 100% efficiency in a thick target. Thus axion bremsstrahlung from hadrons is likely not important compared with that from e* in the dump.
Axion production by muons
Very few pions decay into p's at high energies. Also axion bremsstrahlung from muons has almost the same cross section as that from electrons because the iErease in the coupling constant of axion to muon is exactly cancelled out by the kinematical factor of rni in the denominator due to the fact that it is harder to bremsstrahlung from heavier particles. Therefore axion bremsstrahlung from muon is neglible compared with that from the e* in the proton beam dump.
Axion production by photons
Axions can be created by photons through the Primakoff effect 7 + 2 + &on < Z-or lepton pair production + axion as shown in Fig. 3 by F = cx"mi/M&, P is the momentum of the axion, Z2F2
is the target form factor. In our case the tmin = (mz/2k)2 is so small that the atomic form factors5 must be used when t is small (t 5 7.39m:) and a nuclear form factor4s5 must be used for large t (t > 7.39 mz). Integrating (18) with respect to the solid angle using atomic and nuclear form factors given in Refs. 4
and 5, we obtain B(7 + 2 + a + 2) = 16ar(a + 27) m: 
and thus the Primakoff mechanism of producing an axion is negligible compared ,--e with the axion bremsstrahlung by electron. _ The axion production from 7 + Z + e+e-uZ as shown in Fig. 3(b) is also neglible compared with axions from the process e + Z j e + a + Z. Fig. 3(b) says that for each e+ or e-produced by pair production, there will be roughly cr, axions produced through the mechanism of Fig. 3(b) . But Eq. (14) says that for each e+ or e-produced, the number of axions produced by the process e + Z --+ e + a + Z is roughly cy=/cy.
TARGET FORM FACTORS
Our Eq. (8) is applicable for any degree of atomic screening whereas Eq. (9) is true only for complete screening, i.e., u2t,in < 1. The other limiting case u2tmin >> 1 is called no screening, which happens when the axion is heavier and the incident electron energy is lower. In the no screening case, the dependence on atomic radius drops out from expressions for x elm and x inelus' After angular integration of Eq. (8) we obtain for the no-screening limit: 
